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ABSTRACT
We investigate the scaling relations between the X-ray and the thermal Sunyaev–Zel’dovich Effect
(SZE) properties of clusters of galaxies, using data taken during 2007 by the Y.T. Lee Array for
Microwave Background Anisotropy (AMiBA) at 94 GHz for the six clusters A1689, A1995, A2142,
A2163, A2261, and A2390. The scaling relations relate the integrated Compton-y parameter Y2500 to
the X-ray derived gas temperature Te, total mass M2500, and bolometric luminosity LX within r2500.
Our results for the power-law index and normalization are both consistent with the self-similar model
and other studies in the literature except for the Y2500–LX relation, for which a physical explanation
is given though further investigation may be still needed. Our results not only provide confidence for
the AMiBA project but also support our understanding of galaxy clusters.
Subject headings: cosmic microwave background — cosmology: observations — galaxies: clusters:
general — X-rays: galaxies: clusters
1. INTRODUCTION
The Sunyaev–Zel’dovich Effect (SZE) is a powerful
tool that can potentially answer long-standing questions
about the large-scale distribution of matter. The SZE is a
spectral distortion of the cosmic microwave background
(CMB), induced when a fraction of CMB photons are
scattered by hot electrons in the cores of massive galaxy
clusters (Sunyaev & Zel’dovich 1970). The redshift in-
dependence of the SZE enables the direct detection of
distant clusters without the (1 + z)4 surface brightness
dimming that limits other techniques, including X-ray
observations. Clusters studied via the SZE are therefore
effective cosmological probes. Studying their properties
in detail will lead to heightened understanding of the
mass power spectrum, and should provide improved con-
straints on cosmological parameters.
In the simplest scenario, where gravity is assumed to
be the only influence on the formation of galaxy clus-
ters, a simple ‘self-similar’ model can be used to re-
late the physical properties of clusters (Kaiser 1986).
Assuming spherical collapse of the dark matter (DM)
halo, and hydrostatic equilibrium of gas in the DM
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gravitational potential, one can derive power-law scal-
ing relations between various X-ray and SZE quantities,
e.g. luminosity and temperature, gas mass and temper-
ature, total mass and luminosity, entropy and tempera-
ture, and Compton-y parameter and temperature. Ex-
istence of these relations in observations can be seen in,
for example, Mushotzky & Scharf (1997); Benson et al.
(2004); Bonamente et al. (2008); Morandi et al. (2007).
These relations are also found in numerical simula-
tions, e.g., between X-ray quantities (Nagai et al. 2007),
SZE flux and total mass or gas mass (Motl et al. 2005;
Nagai 2006), and integrated Compton-y and temper-
ature or luminosity (da Silva et al. 2004). Deviations
from the scaling relations should reveal the importance
of non-gravitational processes for the formation of clus-
ters (e. g. Allen & Fabian 1998; McCarthy et al. 2002,
2003a), or constrain the mass distributions of clusters
(Reiprich & Bo¨hringer 2002). Furthermore, the scaling
relations can be used as an utility to extract important
quantities and evolution behaviors for remote clusters us-
ing SZE observables alone.
The Y.T. Lee Array for Microwave Background
Anisotropy (AMiBA) experiment (Ho et al. 2009) ob-
served and detected the SZEs of six massive Abell clus-
ters in the range 0.09 < z < 0.32 during the year 2007
(Wu et al. 2009). AMiBA is a coplanar interferometer
that during 2007 operated at 94 GHz with seven 0.6-m
antennas in a hexagonal close-packed configuration, giv-
ing a synthesized resolution of about 6′. The array has
a sensitivity of 63 mJy/hr for on-source integration, and
an overall efficiency of 0.36 (Lin et al. 2009). Details
for the transformation of the raw data into calibrated
visibilities are presented in Wu et al. (2009), and the
checks on data integrity are described in Nishioka et al.
(2009). At our observing frequency the SZE signal is
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an intensity decrement in the CMB. We fit the central
(peak) decrement in the AMiBA visibilities using isother-
mal β-models (Cavaliere & Fusco-Femiano 1976), taking
account of contamination from the primary CMB and
foreground emissions (Liu et al. 2009). Other compan-
ion papers include Chen et al. (2009) and Koch et al.
(2009a), where the technical aspects of the instruments
are described, Umetsu et al. (2009), where the AMiBA
SZE data is combined with weak lensing data from
Subaru to analyze the distributions of mass and hot
baryons, Koch et al. (2009b), where the Hubble con-
stant is estimated from AMiBA SZE and X-ray data,
and Molnar et al. (2009), which discusses the feasibil-
ity of further constraining the intra-cluster gas model
using AMiBA upgraded to 13 antennas (Ho et al. 2009,
AMiBA13). The consistency of our results with other ob-
servations and theoretical expectations will validate not
only the performance and capability of instruments, but
also the analysis methodology. Since AMiBA is one of
few leading SZE instruments operating at 3-mm wave-
length, we anticipate that it will fill an important role by
providing 3-mm SZE data for spectral studies.
In this article we address the scaling relations between
the integrated SZE Compton-y parameter obtained by
AMiBA and X-ray gas temperature, X-ray luminosity,
and total cluster mass derived from the literature. In
Section 2 we discuss the cluster gas models and cluster
parameters derived from the X-ray data. In Section 3 we
calculate the integrated Compton-y parameter for each
of the six clusters. In Section 4 we investigate the scaling
relations including the consideration for errors. We fur-
ther discuss our results in Section 5 and draw conclusions
in Section 6.
2. CLUSTER PROPERTIES FROM X-RAY DATA
As the u–v coverage is incomplete for a single interfero-
metric SZE experiment, we can not measure the accurate
profile of a cluster or its central intensity. Therefore we
have chosen to assume a cluster model, and thus a flux-
density profile, so that a corresponding template in u–v
space can be fitted to the observed visibilities in order
to estimate the underlying model parameters including
the central SZE intensity, ∆I0. We apply the spherical
isothermal β-model in our X-ray and SZE analysis. The
cluster gas density distribution is of the form
ne(r) = ne0
(
1 +
r2
r2c
)−3β/2
, (1)
where ne0 is the central number density of electrons, r
is the radius from the cluster center, rc the core radius
and β is a structure index. Due to the limited resolution
of AMiBA in its 7-element closed-packed configuration,
we cannot obtain good estimates for some of the model
parameters from our SZE data alone. Therefore we have
taken the X-ray derived values for β and θc from the lit-
erature, where θc = rc/DA and DA is the angular diam-
eter distance. Throughout this paper, we assume a flat
ΛCDM universe with H0 = 70 km s
−1Mpc−1, ΩM = 0.3,
and ΩΛ = 0.7.
To relate with the SZE Compton-y parameter, we also
need to borrow the cluster gas temperature Te, the total
mass M2500, and the bolometric luminosity LX derived
from the X-ray data. M2500 refers to the total mass in a
cluster central region out to r = r2500, defined as the ra-
dius of mean overdensity 2500×ρc where ρc is the critical
density at redshift z. Given β, rc and Te for a cluster,
we can compute first r2500 and then M2500 through the
total mass equation of the β-model (Grego et al. 2001)
M2500 = 2500
4pi
3
r32500ρc =
3βkBTe
Gµmp
r32500
r2c + r
2
2500
, (2)
where µ = 0.6 is the mean molecular weight in units of
mH for an assumed near-solar metallicity of the intra-
cluster medium.
We considered two sets of X-ray derived parameters.
The first set is mainly based on the Chandra data,
and this leads to our main results. The second set is
mainly derived from ROSAT images or a combination
of ROSAT data and ASCA spectral measurements (the
ASCA/ROSAT parameters in what follows). Because
these data are generally of lower accuracy, we include
them only for comparison.
2.1. Chandra
To deal with the complicated non-gravitational physics
in cluster cores, including radiative cooling and feedback
mechanisms, and the transient boosting of surface bright-
ness and spectral temperature during merging events, the
parameters of the Chandra set were derived by fitting an
isothermal β-model to the X-ray data with the central
100 kpc excised. The most recent and currently most
extensive studies of H0 (Bonamente et al. 2006) and the
gas mass fraction fgas (LaRoque et al. 2006) adopted this
100-kpc cut model in their analysis, and claim that a cut
at 100 kpc is large enough to exclude the cooling region
in cool-core clusters while retaining sufficient photons for
modeling. This model was also used in recent studies of
scaling relations based on X-ray and SZE observations
(Morandi et al. 2007; Bonamente et al. 2008).
Table 1 summarizes the parameters from Chandra ob-
servations, and the values of r2500 and M2500 derived
from them. Note that Chandra-based values of β and
θc for A2142 are unavailable in the literature, and so we
adopted values taken from the ASCA/ROSAT set, which
were not determined by fitting the 100-kpc cut model.
The gas temperature for A2142 is Chandra-based, as
given by Markevitch et al. (2000). The temperature fit
allowed a cooling component to be present, but was based
on the overall X-ray spectrum of A2142, rather than dis-
carding photons extracted from the central 100 kpc re-
gion. Nevertheless, if A2142 is excluded from the sample
for this set of parameters, it has only a minor effect on
the scaling relations (less than a 5% change for the power
index or the normalization; see Sec. 4).
The values of β and θc for A2390 are taken from
Allen et al. (2001) who fit the X-ray surface brightness
profile to an isothermal β-model between radii 80 and
900 kpc. As the authors remark, however, an isothermal
β-model ignoring the central region associated with the
possible cooling flow cannot describe the mass distribu-
tion well, since there is a ‘break’ in the surface brightness
profile at r ∼ 500 kpc. A better fit can be obtained using
a simple broken power-law model, or assuming an NFW
(Navarro et al. 1997) potential with the assumption of
gas isothermality relaxed.
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2.2. ASCA/ROSAT
Parameters derived from ASCA and ROSAT are sum-
marized in Table 2. The gas temperatures and the bolo-
metric luminosities of our clusters, except A1995 and
A2163, are compiled by Allen & Fabian (1998) and Allen
(2000), where the X-ray spectra were fitted by using a
model with an isothermal plasma in collisional equilib-
rium, including an additional component explicitly to ac-
count for cooling flows (Model C). For A2163, which is
not a cooling-core cluster, we take the values from the
same papers, but without the additional cooling compo-
nent (Model A). For A1995, which is absent from these
papers, we use the value of Te from Patel et al. (2000),
who detected no excess in the X-ray surface brightness bi-
ased from a cooling flow in the cluster center. However,
A1995 has recently been classified as a cooling cluster,
according to the criterion that the cooling time in the
central inner region is less than the Hubble time at the
cluster redshift (Morandi et al. 2007).
All values in Tables 1 and 2 are presented at the 68.3%
confidence level. Errors are obtained by propagating
the errors in the input parameters from the literature
through a Monte-Carlo process.
3. CLUSTER PROPERTIES FROM SZE
In AMiBA targeted observations at 94 GHz, the sky
signal is dominated by the thermal SZE. The amplitude
of such signals is proportional to the Compton-y pa-
rameter, y = σT /
(
mec
2
) ∫
∞
0
kBTe(l)ne(l) dl where σT is
the Thomson scattering cross section, kBTe(l)ne(l) is the
electron pressure, and the integral is taken along the line
of sight. The Compton-y parameter can be interpreted
as a measure of Comptonization integrated through a
cluster. In terms of a change in intensity, the thermal
SZE observed at frequency ν can be represented by a
decrement
∆ISZE = y · g (x, Te) · ICMB , (3)
where x ≡ hν/ (kBTCMB), TCMB = 2.725 K
(Mather et al. 1999), and ICMB ≡ 2hν
3c−2 (ex − 1)
−1
is the CMB intensity. The factor g (x, Te) can be ex-
pressed as (Bonamente et al. 2008; Morandi et al. 2007;
Udomprasert et al. 2004)
g (x, Te) =
xex
ex − 1
(F − 4) + δrel (x, Te) , (4)
where δrel (x, Te) is a small relativistic correction
(Challinor & Lasenby 1998)
δrel (x, Te) =
xex
ex − 1
kBTe
mec2
[
−10 +
47
2
F −
42
5
F 2+
7
10
F 3 +
7
5
G2(−3 + F )
]
,
(5)
F ≡ x coth(x/2), and G ≡ x/ sinh(x/2). The relativistic
correction is about 6% for ν = 94 GHz and Te = 10 keV,
which is a typical temperature for our SZE clusters.
Given a gas density profile ne(r) we can determine
the distribution of ∆ISZE on the plane of the sky.
For an isothermal β-model, the projected SZE decre-
ment distribution has a simple analytical form (e.g.
Udomprasert et al. 2004)
∆ISZE(θ) = ∆I0
(
1 +
θ2
θ2c
)(1−3β)/2
, (6)
where θ and θc are the angular equivalents of r and rc
respectively, and ∆I0 is the central SZE intensity decre-
ment. Because the SZE clusters are not well resolved by
AMiBA, we cannot get a good estimate of ∆I0, β, and θc
simultaneously from our data alone. Instead, we adopt
the X-ray derived values for β and θc from Chandra or
ASCA/ROSAT, and then estimate ∆I0 (Liu et al. 2009)
by fitting the β-model to the SZE visibilities obtained in
Wu et al. (2009).
For the two different sets of X-ray parameters we ac-
cordingly obtain two sets of ∆I0 values. For the the
Chandra set with a 100 kpc-cut model we choose to
fit the entire SZE data, while using the X-ray param-
eters from the same model. LaRoque et al. (2006) and
Bonamente et al. (2006) already remarked that there is
no simple way to mask the central 100 kpc from the in-
terferometric SZE data because these data are in the
u–v space. Nevertheless, our approach should be valid
because the limited resolution of the current AMiBA
is insensitive to the details of the cluster core. More-
over, since the SZE probes the integrated gas pressure,
which is linear in ne, the parameters derived from the
SZE data should be less dependent on the core proper-
ties than parameters derived from X-ray observations,
where the X-ray surface brightness ∝ n2e . Table 3 sum-
marizes the resulting estimated values of ∆I0 based on
Chandra. We note that the effects of foregrounds such as
radio source contamination, Galactic emission, and con-
fusion from primary CMB fluctuations have been taken
into account (Liu et al. 2009).
In addition to the intensity decrement, the thermal
SZE also can be expressed in terms of a change of
the thermodynamic temperature of the CMB, ∆TSZE =
y ·g (x, Te) (e
x
− 1) (xex)−1 ·TCMB (e.g., Bonamente et al.
2008). Thus for a cluster observed at a given frequency,
the ∆ISZE (Eq. (3)) and ∆TSZE are equivalent measures
of the Compton-y parameter. In Table 3, we include the
values of the central thermodynamic temperature decre-
ment ∆T0 that correspond to the ∆I0 based on Chandra.
To obtain an overall measure of the thermal en-
ergy content in a cluster, we computed the integrated
Compton-y parameter Y2500, which is the Compton-y in-
tegrated from its center out to the projected radius r2500,
Y2500 ≡
∫
Ω2500
y dΩ
=
2pi∆I0
ICMB g(x, Te)
∫ r2500/DA
0
(
1 +
θ2
θ2c
)(1−3β)/2
θdθ,
(7)
where Ω is the solid angle of the integrated patch and
Ω2500 is the total value covered within radius r2500. The
integrated Compton-y parameter has been shown to be a
more robust quantity than the central value of Compton-
y for observational tests, because it is less dependent
on the model of gas distribution used for the analy-
sis (Benson et al. 2004). In addition, integrating the
Compton-y out to a large projected radius diminishes
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TABLE 1
Cluster parameters of the Chandra set
za β θc r2500 Te M2500 LX ref
Cluster (′′) (kpc) (keV)c (1014M⊙) (1045 erg/s)c (β & θc, Te, LX)
A1689 0.183 0.686+0.01
−0.01 48.0
+1.5
−1.7 607
+22
−23
8.72+0.63
−0.56 3.82
+0.43
−0.42 3.15± 0.09 1, 4, 4
A1995 0.322 0.923+0.021
−0.023 50.4
+1.4
−1.5 579
+21
−21
7.56+0.45
−0.41 3.87
+0.43
−0.41 1.51± 0.05 1, 4, 4
A2142b 0.089 0.74+0.01
−0.01 188.4
+13.2
−13.2 608
+30
−31
8.80+0.73
−0.55 3.49
+0.53
−0.52 – 2, 5, –
A2163 0.202 0.700+0.07
−0.07 78.8
+0.6
−0.6 684
+40
−41
12.0+0.28
−0.26 5.59
+1.00
−0.96 4.80± 0.05 1, 4, 4
A2261 0.224 0.628+0.03
−0.02 29.2
+4.8
−2.9 531
+22
−22
7.47+0.53
−0.47 2.67
+0.33
−0.32 2.02± 0.07 1, 4, 4
A2390 0.233 0.58+0.058
−0.058 43.3
+4.33
−4.33 583
+32
−33
10.18+0.23
−0.21 3.57
+0.61
−0.58 4.66± 0.05 3, 4, 4
References. — (1) Bonamente et al. (2006). (2) Sanderson & Ponman (2003); Lancaster et al. (2005). (3) Allen et al.
(2001) with a 10% error assumed. (4) Morandi et al. (2007). (5) Markevitch et al. (2000).
a The redshifts z are from Bonamente et al. (2006) except those for A2142 & A2390 which are given by Allen (2000).
b We take the values of β and θc used in the ASCA/ROSAT set (Table 2) for A2142 since they are not available in the
Chandra-based literature.
c The emission-weighted temperatures and the bolometric luminosities are extracted in a region of radius r between 100
kpc and r2500.
TABLE 2
Cluster parameters of the ASCA/ROSAT set
z β θc r2500 Te M2500 LX ref
Cluster (′′) (kpc) (keV) (1014M⊙) (1045 erg/s) (β & θc, Te, LX)
A1689 0.183 0.609+0.005
−0.005 26.6
+0.7
−0.7 625
+19
−20 10.0
+0.73
−0.49 4.17
+0.39
−0.38 6.26 1, 4, 4
A1995 0.322 0.770+0.117
−0.063 38.9
+6.9
−4.3 579
+47
−48 8.59
+0.86
−0.67 3.88
+1.00
−0.91 – 1, 5, –
A2142 0.089 0.74+0.01
−0.01 188.4
+13.2
−13.2 629
+28
−29 9.3
+0.79
−0.43 3.87
+0.53
−0.51 6.78 2, 4, 4
A2163 0.202 0.674+0.011
−0.008 87.5
+2.5
−2.0 716
+15
−15 13.83
+0.47
−0.45 6.37
+0.42
−0.41 14.7 1, 4, 4
A2261 0.224 0.516+0.014
−0.013 15.7
+1.2
−1.1 589
+66
−71 10.9
+3.59
−1.34 3.68
+1.31
−1.20 5.83 1, 4, 4
A2390 0.233 0.6+0.06
−0.06 28
+2.8
−2.8 721
+155
−174 14.5
+9.42
−3.16 7.09
+5.02
−4.14 10.11 3, 4, 4
References. — (1) Reese et al. (2002). (2) Sanderson & Ponman (2003); Lancaster et al. (2005). (3) Bo¨hringer et al.
(1998) with a 10% error assumed. (4) Allen (2000). (5) Patel et al. (2000).
(though does not completely remove) effects resulting
from the presence of strong entropy features in the cen-
tral regions of clusters (McCarthy et al. 2003a). Table
3 summarizes our derived values of Y2500, adopting the
parameters based on Chandra. In Section 4, the Y2500 de-
rived from both X-ray parameter sets will be considered
for its scaling relationship with Te, M2500 and LX.
Although using X-ray data to determine the shapes of
cluster SZE profiles is a common strategy in SZE analy-
sis, it has been shown that this will bias the results of fit-
ted parameters due to the assumption of isothermality of
a β-model (e.g. Komatsu & Seljak 2001; Hallman et al.
2007). In Section 5 we will further discuss this issue,
and apply a simple correction to our results based on the
work of Hallman et al. (2007).
AMiBA is one of the first instruments to pro-
vide 3-mm SZ detections of the cluster targets, ex-
panding our knowledge of the SZE spectra for clus-
ters. Table 3 compares our results for Y2500 at
94 GHz with results at other frequencies: the
BIMA/OVRO results at 30 GHz (McCarthy et al. 2003b;
Morandi et al. 2007), and the SuZIE II results at
145 GHz (Benson et al. 2004). We have converted
the BIMA/OVRO values of integrated Compton-y pa-
rameter, y2500 (Morandi et al. 2007), to our Y2500
using Y2500 = y2500 (F − 4)xe
x/ [(ex − 1) I0 g(x, Te)]
where I0 ≡ 2 (kBTCMB)
3
(hc)−2, and x, F , and
g(x, Te) are defined in Eq. (4) with frequency ν =
30 GHz. For SuZIE II, Y2500 is obtained from Y2500 =
S (r2500) / [ICMB g(x, Te)], where S (r2500) is the inte-
grated SZ flux defined in Benson et al. (2004), and ICMB
and g(x, Te) are calculated at ν = 30 GHz. All three sets
of results are based on reconstruction of the gas profile of
the clusters using an isothermal β-model, and all include
the relativistic correction in their estimates of Y2500. Our
results are consistent with those from BIMA/OVRO ex-
cept for A1995, and can be seen to be generally lower
than those from SuZIE II.
Since Y2500 is relatively insensitive to cluster mor-
phology and the thermal structure of the intracluster
medium, the difference between the results for A1995
could mostly come from the different SZ techniques. The
AMiBA data led to a signal-to-noise ratio of about 6,
based on an integration time of about 5.5 hours. A1995
is a relatively low-mass, cool, cluster and hence produces
a smaller SZE than the other clusters in our sample. This
causes the statistical significance of the different values
for Y2500 to be low, and that differing residual contam-
ination by point sources and primary CMB fluctuations
(Liu et al. 2009) could be an important factor. Further
multi-frequency studies of A1995 are needed to improve
the result for the SZE of this cluster.
4. SCALING RELATIONS
4.1. Theoretical Expectations
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TABLE 3
Parameters of AMiBA clusters derived from SZE observations
∆I0 ∆T0 Y2500 (10−10 sr)
Cluster (105Jy/sr)a (mK) BIMA/OVRO AMiBA SuZIE II
A1689 −2.36± 0.71 −0.40± 0.12 2.17± 0.14 2.82± 0.86 4.65+0.61
−0.51
A1995 −3.19± 1.23 −0.54± 0.21 0.71± 0.06 1.49± 0.58 –
A2142 −2.09± 0.36 −0.35± 0.06 – 13.44 ± 2.40 –
A2163 −3.64± 0.61 −0.62± 0.10 5.53± 0.41 6.61± 1.38 5.50+0.76
−0.70
A2261 −2.59± 0.90 −0.44± 0.15 1.51± 0.18 1.72± 0.64 4.46+1.70
−0.94
A2390 −2.85± 0.77 −0.48± 0.13 – 3.12± 0.98 3.69+0.56
−0.57
Note. — The integrated Compton parameters Y2500 measured by AMiBA (94 GHz)
are compared with results from BIMA/OVRO (30 GHz; McCarthy et al. 2003b;
Morandi et al. 2007) and SuZIE II (145 GHz; deduced from Benson et al. 2004). The cen-
tral SZE intensity ∆I0, its corresponding thermodynamic temperature decrement ∆T0,
and the AMiBA Y2500 were derived using the Chandra-based parameters. Isothermal
β-models are used in all three sets of observation to reconstruct the gas profile of clus-
ters and derive Y2500. The relativistic correction δrel (x, Te) in Eq. (5) is also taken into
account in all three cases. Errors are given at the 68.3% confidence level.
a Central SZ intensities are given by Liu et al. (2009).
In the context of the self-similar model, if assuming
hydrostatic equilibrium and an isothermal distribution
of baryons in the spherically-collapsed DM halo, it can
be shown that there are simple power-law scaling rela-
tions between the SZE and X-ray quantities. Specifically
there are simple relations between the integrated Comp-
tonization and the gas temperature Te, the cluster total
mass Mtot and the bolometric X-ray luminosity LX,
Y D2A ∝ T
5/2
e E(z)−1, (8)
Y D2A∝M
5/3
tot E(z)
2/3, (9)
Y D2A∝ L
5/4
X E(z)
−9/4, (10)
where E2(z) = ΩM(1 + z)
3 + ΩΛ + Ωk(1 + z)
2
(Morandi et al. 2007). We note that these scaling re-
lations assume that the fraction of the cluster mass
present as gas, fgas, is a constant. Bonamente et al.
(2008) found no significant scatter of fgas in their re-
sults. Nevertheless, recent X-ray work in observations
(e.g. Vikhlinin 2006) and simulations (Kravtsov et al.
2005) suggest that some variation may be expected.
Following standard method (e.g. Press et al. 2002),
we perform a linear least-squares fitting in log10 space,
log10(y) = A + B log10(x), taking account of errors in
both x and y, to estimate the normalization A and power
law index B of each scaling relation. The χ2 statistic is
defined as
χ2 =
∑ (log10(yi)−A−B log10(xi))2
(σyi log10(e)/yi)
2
+ (Bσxi log10(e)/xi)
2 ,
(11)
and is minimized as in Benson et al. (2004, Eq. (13)).
σyi and σxi for the sample points are obtained from the
upper and lower uncertainties around the best-fit values
as σ = (σ+ + σ−) /2. The number of degrees of freedom
(d.o.f.) is N−2 with N equal to the total number of clus-
ters in the sample. 1σ errors in A and B are determined
by projecting the ∆χ2 = 1 contour on each coordinate
axis.
4.2. Derived Observational Results
The results of fitting log10(y) = A+B log10(x) for each
scaling relation are summarized in Table 4. Figures 1,
2, and 3 show our sample of six clusters and the best-
fitting scaling relations. Each figure shows the scaling
results based on the Chandra and the ASCA/ROSAT
parameters, for comparison. Five of the six clusters in
our sample are cooling-core (CC) clusters; the exception
is cluster A2163, which is of non-cooling core (NCC) type
(Myers et al. 1997; Allen 2000; McCarthy et al. 2003b;
Morandi et al. 2007).
4.2.1. The Y2500 –Te relation
Our results for the power law index B from both sets
of X-ray parameters agree with the self-similar model
B = 2.5 at the 1σ level. They are also consistent
with the values of B = 2.37 ± 0.23 from BIMA/OVRO
(Bonamente et al. 2008), B = 2.21± 0.41 from SuZIE II
(Benson et al. 2004), and B = 2.64 ± 0.28 (CC+NCC
sample) and B = 2.74 ± 0.23 (CC sample only) from
Morandi et al. (2007).
To compare the normalization in scaling rela-
tions in the same analytic form and units, we
convert the SuZIE II normalizations to A =
A′ − log10
[
I0 g(x, Te)x
3(ex − 1)−1
]
, where I0 ≡
2 (kBTCMB)
3
(hc)
−2
, x is calculated at the SuZIE II ob-
serving frequency of 145 GHz, and the primes stand for
the power indices or normalizations from the references
that we compare. For normalizations of Morandi et al.
(2007), A = A′ − log10
(
10−8 I0
)
−B′ log10 (7), following
the same convention as in SuZIE II case. Our values for
the normalization, A, in both sets are consistent within
1σ with the values A = −6.24±0.22 from BIMA/OVRO
(Bonamente et al. 2008), −6.64 . A . −5.82 from
SuZIE II (Benson et al. 2004), and −6.67 . A . −6.14
for a combined CC+NCC sample and −6.80 . A .
−6.35 for a CC-only sample from Morandi et al. (2007).
Figure 1 shows that the scaling relation based on the
ASCA/ROSAT parameters has a lower normalization
than the Chandra-based relation due to the systemat-
ically higher temperatures. The scaling relation is not
well confined by the ASCA/ROSAT, partly due to larger
errors and partly due to the fact the scaling is defined
by only a scatter of the five CC clusters and the single
NCC cluster A2163. As briefly mentioned in Section 2, if
A2142 is removed from the Chandra set, since its model
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TABLE 4
Scaling relations from X-ray and AMiBA SZE data
log10(y) = A+ B log10(x) Chandra ASCA/ROSAT
x y A B χ2
min
(d.o.f.) A B χ2
min
(d.o.f.)
Te/keV Y2500D2AE(z)/Mpc
2 −5.94+0.67
−0.72 2.28
+0.73
−0.68 1.43(4) −5.97
+0.67
−0.78 2.21
+0.74
−0.64 3.36(4)
M2500/1014M⊙ Y2500D2AE(z)
−2/3/Mpc2 −4.82+0.39
−0.59 1.71
+1.01
−0.64 1.82(4) −5.03
+0.43
−0.60 1.90
+0.83
−0.61 1.95(4)
LX/10
45erg s−1 Y2500D2AE(z)
9/4/Mpc2 −4.05+0.18
−0.18 0.77
+0.32
−0.32 6.15(3) −4.69
+0.28
−0.28 1.11
+0.28
−0.29 1.69(3)
Note. — The Y2500 − LX fit uses only five clusters, omitting A2142 in the Chandra set and omitting A1995 in the ASCA/ROSAT set.
χ2
min
gives the minimum value of χ2, as defined in Eq. (11), with the corresponding number of degrees of freedom (d.o.f.). Errors are given
at the 68.3% confidence level.
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Fig. 1.— The scaling relation between Y2500 and Te. Those
in solid black show the Chandra-based results. Those in gray
show the ASCA/ROSAT -based results. Six clusters are la-
beled as indicated by the legend, with errors represented by
the boxes. The lines are the best-fit power-law relations. The
black dashed line is the best fit from Bonamente et al. (2008)
for comparison.
is somewhat inconsistent with the others, the change on
the scaling relation is less than 5% because A2142 lies
close to the best-fit line.
4.2.2. The Y2500 – M2500 relation
The power-law index B based on both sets of X-
ray parameters are consistent with the self-similar
model prediction of B = 1.67. Our results also
agree with the values of B = 1.66 ± 0.20 from
BIMA/OVRO (Bonamente et al. 2008), and B = 1.48±
0.39 (CC+NCC sample) and B = 1.56± 0.29 (CC only)
from Morandi et al. (2007). Our normalization agrees
with the value A = −5.0 ± 3.0 from BIMA/OVRO
(Bonamente et al. 2008) and is consistent with the ranges
−5.09 . A . −4.63 (CC+NCC samples) and −5.36 .
A . −4.91 (CC only) given by Morandi et al. (2007).
Here we convert the normalizations from other studies
for comparison, such as A = A′+14B′ for BIMA/OVRO,
and A = A′ + (B′ − 5/3) log10E(z) − log10(10
−8I0) for
Morandi et al. (2007), where E(z) is the mean E(z) av-
eraged over all AMiBA clusters.
Several analytical and numerical studies demonstrate
that the integrated SZE signal, Y2500 in our case, as a
measure of the total pressure of inter-cluster medium is
an excellent proxy for cluster total mass (da Silva et al.
2004; Motl et al. 2005; Nagai 2006; Hallman et al. 2007).
If this relationship could be measured to high precision
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Fig. 2.— The scaling relation between Y2500 and M2500.
Symbols and colors are as defined in Fig. 1. The black dashed
line refers to the best-fit from Bonamente et al. (2008) for
comparison.
at low redshifts, it could then be used to determine the
masses of high-redshift SZE clusters and test cosmologi-
cal models.
4.2.3. The Y2500 – LX relation
The power-law index for the Y2500−LX relation based
on the Chandra set (after omitting A2142) is about 1.5σ
lower than the theoretical value B = 1.25, but is con-
sistent with the results B = 0.81 ± 0.07 (for CC+NCC
sample) and B = 0.91 ± 0.11 (for CC sample) given by
Morandi et al. (2007). A low power-law index has also
been observed in numerical simulations that include cool-
ing or preheating processes (da Silva et al. 2004, Y ∝
LX). The systematically lower power-law index rela-
tive to the self-similar model predication seems to im-
ply that the relation between the SZE signals and X-ray
luminosities is more sensitive to the radiative content
outside 100 kpc than other scaling relations. However,
none of the data points in Fig. 3 lies close to the best-
fit line and the measure of goodness-of-fit, χ2min/d.o.f.,
is large (see Tab. 4). On the other hand, the normal-
ization agrees with the result −4.35 . A . −4.01 for
CC+NCC sample within 1σ and is broadly consistent
with −4.47 . A . −4.36 for CC sample (Morandi et al.
2007), through the conversion of A = A′ − (5/4 −
B′) log10 E(z)− log10
(
10−8I0
)
+B′.
The power-law index and normalization based on the
ASCA/ROSAT set are consistent with the self-similar
model. They also agree with the result based on the
CC sample given by Morandi et al. (2007) within 1σ,
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Fig. 3.— The scaling relations between Y2500 and LX. Sym-
bols and colors are as defined in Fig. 1. The black dashed
line shows the best-fit relation from Morandi et al. (2007) for
comparison. The luminosities from the ASCA/ROSAT set
are given without errors.
but only marginally consistent with those based on the
CC+NCC sample. We observed, by comparing the val-
ues of different models in Allen (2000), that the addi-
tional component compensating the cooling flow emis-
sion in Model C will generally reduce the bolometric
luminosities. If there is residual luminous emission, as
Morandi et al. (2007) remarked that CC clusters system-
atically have larger luminosities than NCC ones even if
the cooling cores have been handled, it would bias high
the power (slope) and bias low the normalization (inter-
ception) shown in Fig. 3 in the sense of shifting the CC
clusters to higher LX. This is a possible interpretation of
the discrepancy for the CC+NCC sample, but again the
scaling relation is not well defined, essentially by a scat-
ter of CC cluster and a NCC cluster outside the scatter.
5. DISCUSSIONS
In the three figures of scaling relations we see that the
Chandra-based relations are generally better fits than
the ASCA/ROSAT -based relations, with smaller χ2min
and smaller errors on each data point. Although the
Y − LX relation based on the Chandra set has a larger
scatter, there are no errors available for the luminosi-
ties of the ASCA/ROSAT set. Among clusters in the
ASCA/ROSAT set, A2261 and A2390 have X-ray pa-
rameters of poor quality. A2390 seems to have a biased-
high gas temperature or a systematically low Y2500. A
high temperature would lead to a high total mass based
on the hydrostatic equilibrium equation, and would sim-
ilarly increase the luminosity, which is related to the gas
temperature as LX ∝ T
2
e (Morandi et al. 2007).
Analytical and numerical studies reveal the fundamen-
tal incompatibility between β-model fits to X-ray sur-
face brightness profiles and those done with SZE pro-
files (e.g. Komatsu & Seljak 2001; Hallman et al. 2007).
Both X-ray and SZE fitted model parameters are biased
due to the isothermal assumption, since the X-ray surface
brightness and SZE Compton-y parameter have different
dependences on the cluster temperature profiles. This
will generate an inconsistency in the model parameters
based on isothermal β-model fits. Since observational
SZE radial profiles are in short supply, X-ray driven pa-
rameters are often used to constrain the profile shape in
SZE analysis, consequently leading to a bias in the de-
rived values of cluster mass or Comptonization parame-
ter.
To remedy this problem, we followed Hallman et al.
(2007). Instead of re-fitting by the universal tempera-
ture profile proposed by Hallman et al. (2007), we sim-
ply modify our values of β, rc and Y2500 by the ratios be-
tween the values fitted from X-ray data on an isothermal
β-model, and the ‘true’ values obtained from the simula-
tion. We then re-calculate the scaling relations and these
corrected results are summarized in Table 5. It is clear
that the introduction of correction still keeps the scaling
relations consistent with the uncorrected results, and the
previous arguments and discussions are still valid. The
scaling relations seem to be insensitive to this correction.
As Hallman et al. (2007) discovered in their study of the
Y −Mgas relation, for example, the correlated changes in
a β-model due to the definition of projected radius (r2500
in our case) tend to cause compensating changes in the
scaling relation.
We are aware that the entropy floor present in the cores
of clusters could give rise to deviations from self-similar
scalings (see e.g., McCarthy et al. (2003a,b)). X-ray ob-
servations have shown that scaling relations between sev-
eral cluster observables deviate from the self-similar pre-
diction, and it has been found that heating and cooling
act in a similar manner by raising the mean entropy of
the intracluster gas and, in some cases, establishing a
core in the entropy profile. In McCarthy et al. (2003a)
it was observed that the injection of excess entropy (pre-
heating) will increase the temperature and reduce the gas
pressure in the central regions of clusters, especially for
the low-mass clusters. The scaling relations between the
central value of the Compton-y parameter, y0, and the
gas temperature or the total mass are most sensitive to
the presence of excess entropy, and tend to develop larger
power indices. Scaling relations involving the integrated
Compton-y parameter Y show similar behaviors but are
less sensitive, since the integration tends to reduce the
effect of the entropy contribution from the cores.
6. CONCLUSIONS
In understanding cluster physics and cosmic evolution,
the study of scaling relations for galaxy clusters is be-
coming more important since SZE observations such as
those from the Sunyaev–Zel’dovich Array (SZA) and the
South Pole Telescope (SPT) will detect clusters which
are beyond X-ray detection limits, for which SZE scaling
relations provide the first indications of cluster proper-
ties. In addition, deviations between the theoretical and
observational results of the scaling relations can serve to
examine the non-gravitational processes in the formation
of clusters, which are not well understood at present.
As one of the few SZE instruments working at 3-mm,
the AMiBA experiment observed six Abell clusters dur-
ing 2007. The derived integrated Compton-y parameters,
Y2500, are compared to other observations at different
frequencies, as summarized in Table 3. Our results are
consistent with those from BIMA/OVRO, but appear to
show lower Comptonizations than those from SuZIE II.
We have also investigated the three scaling relations be-
tween Y2500 and the X-ray spectroscopic temperatures,
total masses within r2500, and bolometric X-ray luminosi-
ties. Our results for the scaling relations are summarized
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TABLE 5
Scaling relations log10(y) = A+ B log10(x) corrected for isothermal
β-model
x y A B χ2
min
(d.o.f.)
Te/keV Y2500D2AE(z)/Mpc
2 −6.16+0.68
−0.74 2.31
+0.75
−0.70 1.74(4)
M2500/1014M⊙ Y2500D2AE(z)
−2/3/Mpc2 −4.82+0.30
−0.43 1.68
+0.87
−0.59 1.73(4)
LX/10
45erg s−1 Y2500D2AE(z)
9/4/Mpc2 −4.24+0.18
−0.18 0.79
+0.32
−0.32 6.72(3)
Note. — Errors are given at the 68.3% confidence level.
in Table 4.
Our power-law indices for the three scaling relations
are broadly consistent with the self-similar model and
observational results in the literature, except for that the
Y2500−LX relation based on Chandra-derived parameters
has a slope lower than the expectation of the self-similar
model, and is sensitive to the chosen set of X-ray parame-
ters and the treatment of cooling cores. These discrepan-
cies might indicate either exotic properties for clusters or
hidden flaws in our SZE data, although the scatter is still
large, about a factor of two in the integrated Compton-
y relative to the fit line. The agreement between the
normalizations found by different workers for our three
scaling relations seems to support the idea that there is
no strong scatter in the gas fraction (see Sec. 4.1).
In conclusion, the agreement between our results and
those from the literature provides not only confidence
for this project but also supports to our understand-
ing of galaxy clusters. For AMiBA, significant im-
provements are expected following the expansion to a
13-element configuration with 1.2-m antennas (Ho et al.
2009, AMiBA13), which will provide better resolution
and higher sensitivity. The capability of resolving SZE
clusters will make it possible to measure the cluster pro-
files independent of the X-ray data (Molnar et al. 2009)
and to estimate the properties of the clusters which cur-
rently do not have good X-ray data.
We thank the Ministry of Education, the National Sci-
ence Council, the Academia Sinica, and National Taiwan
University for their support of this project. We thank
the Smithsonian Astrophysical Observatory for hosting
the AMiBA project staff at the SMA Hilo Base Facility.
We thank the NOAA for locating the AMiBA project
on their site on Mauna Loa. We thank the Hawaiian
people for allowing astronomers to work on their moun-
tains in order to study the Universe. We are grateful for
computing support from the National Center for High-
Performance Computing, Taiwan. This work is also sup-
ported by National Center for Theoretical Science, and
Center for Theoretical Sciences, National Taiwan Uni-
versity for J.H.P. Wu. We appreciate the extensive com-
ments on this article from Katy Lancaster. Support from
the STFC for MB is also acknowledged.
REFERENCES
Allen, S. W. 2000, MNRAS, 315, 269
Allen, S. W., Ettori, S., & Fabian, A. C. 2001, MNRAS, 324, 877
Allen, S. W., & Fabian, A. C. 1998, MNRAS, 297, L57
Benson, B., Ade, P., Bock, J., Ganga, K., Henson, C., Thompson,
K., & Church, S. 2004, ApJ, 617, 829
Bo¨hringer, H., Tanaka, Y., Mushotzky, R. F., Ikebe, Y., &
Hattori, M. 1998, A&A, 334, 789
Bonamente, M., Joy, M., LaRoque, S. J., Carlstrom, J. E., Nagai,
D., & Marrone, D. P. 2008, ApJ, 675, 106, 0708.0815
Bonamente, M., Joy, M., Roque, S. L., Carlstrom, J., Reese, E.,
& Dawson, K. 2006, ApJ, 647, 25
Cavaliere, A., & Fusco-Femiano, R. 1976, A&A, 49, 137
Challinor, A. D., & Lasenby, A. N. 1998, ApJ, 499, 1
Chen, M.-T. et al. 2009, ApJ, 694, 1664, 0902.3636
da Silva, A. C., Kay, S. T., Liddle, A. R., & Thomas, P. A. 2004,
MNRAS, 348, 1401
Grego, L., Carlstrom, J. E., Reese, E. D., Holder, G. P., Holzapfel,
W. L., Joy, M. K., Mohr, J. J., & Patel, S. 2001, ApJ, 552, 2
Hallman, E. J., Burns, J. O., Motl, P. M., & Norman, M. L. 2007,
ApJ, 665, 911
Ho, P. T. P. et al. 2009, ApJ, 694, 1610, 0810.1871
Kaiser, N. 1986, MNRAS, 222, 323
Koch, P. M. et al. 2009a, ApJ, 694, 1670
——. 2009b, ApJ, submitted
Komatsu, E., & Seljak, U. 2001, MNRAS, 327, 1353
Kravtsov, A. V., Nagai, D., & Vikhlinin, A. A. 2005, ApJ, 625,
588
Lancaster, K. et al. 2005, MNRAS, 359, 16, astro-ph/0405582
LaRoque, S. J., Bonamente, M., Carlstrom, J. E., Joy, M. K.,
Nagai, D., Reese, E. D., & Dawson, K. S. 2006, ApJ, 652, 917
Lin, K.-Y. et al. 2009, ApJ, 694, 1629, 0902.2437
Liu, G.-C. et al. 2009, ApJ, submitted
Markevitch, M. et al. 2000, ApJ, 541, 542
Mather, J. C., Fixsen, D. J., Shafer, R. A., Mosier, C., &
Wilkinson, D. T. 1999, ApJ, 512, 511
McCarthy, I. G., Babul, A., & Balogh, M. L. 2002, ApJ, 573, 515
McCarthy, I. G., Babul, A., Holder, G. P., & Balogh, M. L.
2003a, ApJ, 591, 515
McCarthy, I. G., Holder, G. P., Babul, A., & Balogh, M. L.
2003b, ApJ, 591, 526
Molnar, S. M. et al. 2009, ApJ, submitted
Morandi, A., Ettori, S., & Moscardini, L. 2007, MNRAS, 379,
518, 0704.2678
Motl, P. M., Hallman, E. J., Burns, J. O., & Norman, M. L. 2005,
ApJ, 623, L63
Mushotzky, R. F., & Scharf, C. A. 1997, ApJ, 482, L13
Myers, S. T., Baker, J. E., Readhead, A. C. S., Leitch, E. M., &
Herbig, T. 1997, ApJ, 485, 1
Nagai, D. 2006, ApJ, 650, 538
Nagai, D., Kravtsov, A. V., & Vikhlinin, A. 2007, ApJ, 668, 1,
astro-ph/0703661
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490,
493
Nishioka, H. et al. 2009, ApJ, 694, 1637, 0811.1675
Patel, S. K. et al. 2000, ApJ, 541, 37
Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery,
B. P. 2002, Numerical Recipes in C++. The Art of Scientific
Computing, 2nd edn. (Cambridge University Press)
Reese, E. D., Carlstrom, J. E., Joy, M., Mohr, J. J., Grego, L., &
Holzapfel, W. L. 2002, ApJ, 581, 53
Reiprich, T. H., & Bo¨hringer, H. 2002, ApJ, 567, 716
Sanderson, A. J. R., & Ponman, T. J. 2003, MNRAS, 345, 1241
Sunyaev, R. A., & Zel’dovich, Y. B. 1970, Comments Astrophys.
Space Phys., 2, 66
Udomprasert, P. S., Mason, B. S., Readhead, A. C. S., &
Pearson, T. J. 2004, ApJ, 615, 63
Umetsu, K. et al. 2009, ApJ, 694, 1643, 0810.0969
Vikhlinin, A. 2006, ApJ, 640, 710
Wu, J. H. P. et al. 2009, ApJ, 694, 1619, 0810.1015
